1. Introduction {#sec1}
===============

The novel coronavirus SARS-CoV-2 is known to cause COVID-19, which is an easily transmissible disease spreading from person to person via cough, sneeze, respiratory droplets, or exhale ([@bib18]). The symptoms of COVID-19, which appear approximately 5 days after infection, are relevant to flu (e.g., fever, and coughing), but also include other ones like sore throat, muscle aches ([@bib7]) and loss of taste or smell ([@bib3]). The COVID-19 has similar clinical presentation and characteristics with two well-known diseases of the lower respiratory tract Severe Acute Respiratory Syndrome: "SARS-CoV" and Middle East Respiratory Syndrome: "MERS" ([@bib14]).

Coronaviruses circulate among animals, and in some cases, may infect humans. Indeed, MERS, SARS-CoV, and SARS-CoV-2 may be attributed to zoonotic transmission ([@bib14]; [@bib54]). However, SARS-CoV-2 is the only one with pandemic potential ([@bib46]). Consumption of exotic mammals like horseshoe bats, which comprise a vast reservoir of SARS-CoV-related viruses, enhances the possibility that novel viruses emerged from animals, or relevant environments ([@bib10]). The first infections of SARS-CoV2 were associated with Huanan Seafood Market ([@bib42]), where live and slaughtered bats, snakes, marmots, pheasants and organs of rabbits and deer are sold ([@bib33]). [@bib77] suggested bats as a possible source of SARS-CoV2 since the latest has a similar gene sequence (up to 96.2%) with coronavirus that exist in bats. However, other animals may also be natural hosts for SARS-CoV2. For instance, MERS-CoV and SARS-CoV may be transmitted to humans from camels and civet cats, respectively ([@bib19]).

SARS-CoV-2 was identified within December 2019, and approximately 3 months later, COVID-19 declared by WHO as a pandemic ([@bib68]). On May 30th, 2020, the COVID-19 pandemic had spread to over 5.9 million people in more than 188 countries, leading to over 365,000 deaths ([@bib16]) and lockdown of one-third of the world\'s population ([@bib37]). At the moment (May 30th, 2020), no universal treatment, cure, or vaccine has been developed for COVID-19 disease. The scientific community, authorities, food safety inspectors and professionals in the food industry are emergently seeking insights on how to manage the pandemic, e.g, understanding the transmission routes, and developing treatment and vaccines. It is also essential to develop innovative diagnostics for SARS-CoV-2 not only for infected people but also for food, surfaces, and surrounding environments. This article explores the possibility of COVID-19 transmission through the food supply chain before discussing the development of respective detection tools for food and environmental safety applications.

2. Safety of foods and measures in the food supply chain {#sec2}
========================================================

Food safety is among the four pillars of the food systems affected in the era of the coronavirus (COVID-19) pandemic ([@bib29]). [Fig. 1](#fig1){ref-type="fig"} summarizes the proposed safety measures for the food sector during the pandemic ([Fig. 1](#fig1){ref-type="fig"}A), emphasizing the most critical precautions needed for each stage of the food supply chain from farm to fork ([Fig. 1](#fig1){ref-type="fig"}B). Actions are grouped in workers\' medical condition (e.g., stay home if sick), personal hygiene (e.g., wash hands), disinfection of surfaces, keeping working environments clean, food preparation and delivery, and finally social distancing. Although these measures apply in all five stages of the food chain, most precautions are critically necessary at the last stages (e.g., consumption). This observation is generated by the fact that the more we move to the final stages of the food supply chain, the more people (potential sources of infection) are involved. Moreover, it is of the highest importance for the food sector to ensure that the food reaching consumers' plate is safe and does not risk their health in any step of the process (e.g., even at the moment of delivery).Fig. 1Safety measures for the food sector during the pandemic ([Fig. 1](#fig1){ref-type="fig"}A) and the most critical for each stage of the food supply chain from farm to fork ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1

Besides, there are precaution measures (e.g., during food preparation) that mostly apply to the consumption stage. For instance, at the beginning of the crisis, many restaurants, cafeterias, and health authorities in Central Europe stopped serving rare steaks and meats as a general precaution measure ([@bib22]) against viruses and pathogens even though foodborne transmission of SARS-CoV-2 is unsupported by scientific evidence. Moreover, in the United States, some of the largest beef-packing and meat processing companies and announced plant closures ([@bib53]). Nonetheless, these plants closed when employees tested positive for COVID-19, not because of the virus transmission from raw meat; this is why FDA did not anticipate that food products need to be recalled from the market ([@bib27]).

A few weeks later, the majority of restaurants and cafeterias around the world lockdown and remain functional only for take-away or delivery services. To this line, the transmission of SARS-CoV-2 is monitored closely by the food safety authorities around the world, like the European Food Safety Authority (EFSA) and the United States Food and Drug Administration (FDA). Both organizations agree that up to now (the 30th of May 2020), there is no evidence that food is a likely route of transmission; however, they continue to gather information related to the potential persistence of the virus on foods.

Food was not a transmission route in previous outbreaks (MERS and SARS-CoV) ([@bib20]; [@bib27]), while it is known that the acidic conditions of the stomach (pH \< 3.5) inactivate SARS-CoV coronavirus ([@bib13]). Both MERS and SARS-CoV, which possibly originated from bats, crossed the species barrier and infected humans through an intermediate host which could be a domestic animal, a wild animal, or a domesticated wild animal suggesting that transmission of SARS-CoV-2 could happen in a like manner ([@bib45], [@bib66]) Based on that, some eating and cooking habits may be a risk factor for the reemergence of the virus into the human population ([@bib10]).

Coronavirus may reach fresh food products (e.g., vegetables, fruits, or bakery) or food packaging through an infected person who is sneezing or coughing directly on them. Transmission appears to be possible if the virus is transferred shortly afterward via the hands or the food itself to the mucous membranes of the mouth, throat, or eyes ([@bib2]). As a study showed, physical contact and shared food during a conference resulted in a cluster of COVID-19 patients in Singapore ([@bib51]). Similarly to SARS-CoV and MERS coronaviruses, studies for SARS-CoV-2 showed that the virus is highly stable at 4 °C, and it is expected to have similar behavior to its predecessors at freezing temperatures, meaning it could remain infectious at −20 °C for up to 2 years ([@bib64]). However, as previous studies demonstrated, coronaviruses are thermolabile: SARS-CoV can be inactivated after incubation for 15 min at \>75 °C, while MERS is inactivated after incubation for 1 min at 65 °C ([@bib13]; [@bib40]). In a like manner, SARS-CoV-2 found to be inactive after 5 minutes incubation at 70 °C ([@bib12]). These outcomes suggest that normal cooking temperatures (\>70 °C) are sufficient for viral inactivation, but transmission from frozen food may still be possible; this is why thorough hand washing after handling raw food is imperative. Furthermore, the likelihood is even lower for foods (packaged or not) that are shipped over days at the room, frozen, or refrigerated temperatures ([@bib2]). Additionally, according to Centers for Disease Control and Prevention (CDC) and Environmental Protection Agency (EPA), drinking water likewise food, is not considered as a way of the spread of SARS-CoV-2 and the typical water treatment methods are sufficient against the virus ([@bib8]; [@bib21]).

To minimize the risk from touching food potentially exposed to coronavirus, handling of packages and goods should be followed by hand washing or using hand sanitizer ([@bib57]). FDA has also suggested that good hygiene practices, as well as cleaning and sanitization of kitchens\' and restaurants\' surfaces, are preferred precaution measures compared to the environmental monitoring of SARS-CoV-2 ([@bib25]). Taps, door handles, refrigerator handles, and other areas of "high touch" should be subject to frequent and effective cleaning. The personnel involved in the preparation of food should be encouraged to adopt standard hygiene practices used to control known foodborne viruses and bacteria. These include handling carefully raw animal products to avoid cross-contamination with other foods, washing vegetables and fruit before eating, cooking eggs or meat thoroughly, and covering nose and mouth when sneezing or coughing, among others ([@bib55]). Since current evidence shows that individuals who are symptomatic comprise the most significant risk of SARS-CoV-2 transmission, food businesses should be following employee health department recommendations and policies to keep those individuals at home ([@bib57]). The usage of gloves and masks in the food industry can also be useful in reducing the spread of COVID-19, but only if appropriately used ([@bib64]). Takeout, drive-thru, and delivery of food are also considered good risk management practices, especially for high-risk populations (e.g., older adults) as the number of touchpoints is reduced ([@bib60]). Consumers and individuals should also wash their hands thoroughly before eating, as well as after changing a child\'s diaper, touching animals, or using the toilet ([@bib67]).

Would these measures be adequate in the post-lockdown period? As of the April 21, 2020, strict rules placed on people\'s movements are applied to limit the spread of COVID-19. These restrictions people\'s freedom and disruptions to food environments give even more reason to ensure that everyone has the right to adequate food and the right to health. On the other hand, while grocers and supermarkets have become a confronting barometer of pandemic\'s scale, shopping of food is one of the only practices with what people knew as normal life ([@bib61]). After lockdown, food service businesses as the last actor of the food supply chain will have to operate again under pressure prioritizing the health of the workers in the sector and their outcomes ([@bib24]). At the same time, they will have to face consumers\' phobia for transmission. The safety and hygienic conditions of animal-based food sources during retailing and cooking in big local markets and especially "wet markets" are challenging to be monitored by authorities. Nevertheless, laws and regulations concerning safety in food markets should be re-evaluated as poor practices such as wildlife trade, continue to be practiced in inadequately regulated sites around the world ([@bib29]; [@bib74]). Taking into account the status quo of food safety within the COVID-19 pandemic and the forthcoming post-lockdown period, the need for developing accurate and fast tools for the detection of SARS-CoV-2 in food and working environment is emerging.

3. Environmental safety {#sec3}
=======================

The role of the environment in the COVID-19 pandemic indicates the diverse needs of applied research that should be met to effectively control outbreaks of novel enveloped viruses ([@bib69]). Once spread in the air, virus particles are exposed to different environmental conditions (e.g., air temperature, and relative humidity) influencing their inactivation rates ([@bib5]; [@bib6]; [@bib38]). Other factors, such as the specific strain of the virus and the type of surface, play a crucial role ([@bib65]). However, especially for built environments, the proper disinfection of toilet areas, sanitization of surfaces, open space, and window ventilation can effectively limit the concentration of SARS-CoV-2 ([@bib15]; [@bib43]). This practice is also supported by a study conducted in a restaurant inside a building without windows in China. In this study, 10 out of 83 customers became ill with COVID-19. At the same time, smear samples from the air-conditioning of the restaurant that tested with a quantitative real-time polymerase chain reaction for SARS-CoV-2 found to be negative. The airborne transmission was considered as the origin of the outbreak. However, as distances among the first documented patient (Patient A1) and other affected persons were longer than 1 m, it was underlined that the air circulation caused by the, air-conditioning might have aided the droplet transmission and the COVID-19 spread among the customers ([Fig. 2](#fig2){ref-type="fig"} ) ([@bib44]).Fig. 2The arrangement of tables and air conditioning airflow at a site of COVID-19 outbreak in a restaurant placed in Guangzhou (China). Red chairs indicate seating of future case-patients, whereas the yellow chair indicates index case-patient. Remade from [@bib44]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Although not sure how long SARS-CoV-2 survives on air and surfaces, it seems possible to behave like other coronaviruses, e.g., that of SARS-CoV ([@bib17]). A recent review discussing the survival of human coronaviruses on surfaces noted large variability from 2 hours to 9 days ([@bib36]). Furthermore, according to a recent study conducted by [@bib17], SARS-CoV-2 remains viable in aerosols for 3 hours, but still being detected on surfaces even after 72 hours. However, after a specific time, the load of the virus is importantly reduced, e.g., the viability of SARS-CoV-2 on stainless steel and plastic is \~5.6 and 6.8 hours, respectively. In contrast, no viable SARS-CoV-2 measured after 4 and 24 hours application on copper and cardboard, respectively. An effective inactivation of SARS-CoV-2 could be achieved using common disinfectants (e.g. 62--71% ethanol, 0.5% hydrogen peroxide or 0.1 sodium hypochlorite l) ([@bib36]).

The SARS-CoV-2 RNA shedding pattern suggests that the virus is replicating in the gastrointestinal tract ([@bib70]) and thus may be found in stool samples similar to SARS-CoV ([@bib41]). Besides, recent findings suggest that the SARS-CoV-2 is capable of infecting human and bat intestinal organoids ([@bib77]). Once aerosolized, sewage-contaminated with the virus could potentially expose a large number of people ([@bib49]). SARS-CoV-2 was recently detected in sewage samples of different cities in the Netherlands ([@bib48]) in Spain ([@bib52]) and Australia ([@bib1]). In any case, more studies are needed to explore the survival of SARS-CoV-2 in water or sewage. The SARS-CoV-2 may be inactivated significantly faster than non-enveloped human enteric viruses (e.g., rotavirus, hepatitis A, norovirus, and adenoviruses) with a known waterborne transmission. High or low pH, sunlight, heat, and disinfectants (e.g., chlorine) facilitate die-off ([@bib67]).

At this moment, the most exposed environments in coronavirus are the healthcare settings. There is an increasing number of studies showing extensive environmental contamination in COVID-19 patients' rooms ([@bib30]; [@bib50]; [@bib56]; [@bib75]). Given the environmental persistence of the virus ([@bib17]), social distancing measures and quarantine of exposed persons are considered imperative not only in hospitals but in nonhealthcare settings such as workplaces and schools. The importance of these measures has been studied regarding the influenza pandemic ([@bib28]). Concerning COVID-19, a recent study demonstrated via mathematical models the transmission dynamics of SARS-CoV-2 in the post-pandemic period and suggested that prolonged or periodic social distancing may be necessary for the next few years ([@bib39]).

4. Detection of SARS-CoV-2 in food, on surfaces and the environment {#sec4}
===================================================================

As the global interest for coronavirus is focused on human health, the full impact of the pandemic on food supply chain and food industries is not yet known. However, the adverse effects on food systems and people along the food supply chain are already evident. For this reason, the development of detection tools for SARS-CoV-2 that can be applied to foods is essential to ensure food safety and prevent the disruption of food supply chains. The reliable detection of viruses in foods remains a challenge due to the heterogeneous distribution of viral particles, the low viral load, and the non-optimal tedious isolation ([@bib4]). For this purpose, different methodologies have been suggested, such as molecular detection assays based on RT-qPCR ([@bib4]), enzyme-free immunosorbent assay ([@bib73]) and nano-ELISA ([@bib72]).

Currently, the two predominant laboratory testing methods for SARS-CoV-2 detection are the molecular test, which is used to identify the presence of the virus and the serological tests, which detect either the antibodies against the virus or the viral antigens ([Table 1](#tbl1){ref-type="table"} ). According to WHO, the recommended method for diagnosis of COVID-19 in patients is the detection of the virus' RNA in respiratory tract samples by molecular testing such as quantitative real-time polymerase chain reaction (RT-qPCR) with confirmation with sequencing when necessary ([@bib65]). However, this method is only 66--80% sensitive and has a high rate of false-negative results. This result can be attributed to sampling errors or testing at the beginning of the disease, where the viral load is below the detection level ([@bib35]).Table 1Tests that are used for the diagnosis of SARS-CoV-2.Table 1SARS-CoV-2 testing methodSample TypeAdvantagesDisadvantagesRT-qPCR[a](#tbl1fna){ref-type="table-fn"}Nasopharyngeal swabHigh sensitivity\
Robustness\
Can detect active infectionFalse negative results\
Labor intensive\
Cannot detect past infectionAntibody testsWhole blood, Serum, PlasmaLow cost\
Short time to diagnosis\
Can detect past infectionUnder validation\
Cannot diagnose active infectionAntigen testsWhole blood, Serum, Plasma\
Nasopharyngeal swabShort time to diagnosis\
Can detect active infectionUnder validation\
Cannot detect past infection[^1]

In addition to molecular diagnostic tests, serological tests performed in blood serum samples have been developed for SARS-CoV-2 identification through the detection of antibodies against the virus. The majority of studies suggest that the immune response to the virus initiates at least 7 days after the onset of symptoms ([@bib11]; [@bib76]). Although there are tests approved for diagnosis purposes ([@bib26]; [@bib34]), the use of serological assays is not recommended for the diagnosis of COVID-19 by the WHO. However, it could be used for monitoring the population\'s immunity ([@bib63]).

Another type of diagnostic test for COVID-19 is the antigen test, which detects the viral proteins ([@bib18]). Similarly to a polymerase chain reaction (PCR), antigen tests are usually carried out in respiratory tract samples and provide information about the presence of the virus; thus, they are appropriate for acute phase diagnosis. The efficiency of this type of test can be affected by the viral load during the infection ([@bib59]). Many rapid diagnostic tests currently developed for COVID-19 are based on antigen testing ([@bib34]).

Considering the detection of SARS-CoV-2 in food, surfaces, and surrounding environments, the challenge could be even more significant. Currently, no studies have been performed, or tests have been developed for the detection of the virus in foods as there is no evidence that coronavirus is transmitted through food ([@bib20]). Nevertheless, as discussed above, the transmission may be possible from infected workers through surfaces and surrounding environment of the food industry and the food supply chain. Concerning the detection of SARS-CoV-2 in environmental samples, several studies have been carried out mainly in built environments. In these studies, the RT-qPCR method was used for the detection of the virus in all fomites sampled ([@bib30]; [@bib42]; [@bib75]). Although these are preliminary results, some companies have already developed commercially available kits for the detection of SARS-CoV-2 in environmental swabs ([@bib9]; [@bib23]) or offering sampling kits for surfaces ([@bib31]; [@bib58]). However, especially the sampling kits are rather expensive, making difficult their broad application in large facilities of the food sector.

Another approach that seems to gain researchers' interest is the wastewater-based epidemiology (WBE). In particular, monitoring of viruses has been proved efficient for early warning purposes, e.g., by detecting the presence of pathogens before the expression of symptoms in the population. The quantitative monitoring of viruses in municipal wastewater may enable the modeling of the pandemic in real-time ([@bib49]). As viable SARS-CoV-2 has been isolated from the faeces and urine of infected people ([@bib32]; [@bib62]), it is believed that testing of the wastewater with paper-based kits can lead to the detection of potential disease carriers even if they are asymptomatic. This method can provide rapid screening of specific areas and help authorities take the appropriate measures ([@bib47]). The development of detection methodologies for SARS-CoV-2 in sewage samples could be useful in the post-lockdown period.

5. Conclusion {#sec5}
=============

The COVID-19 pandemic generated a new era in the food supply chain and the food industry. We still figure out the consequences of humanity, economy, and food safety ([@bib29]). Researchers and professionals in the food sector have many challenges ahead, e.g., ensuring food safety, detecting SARS-CoV-2 in environments where food is produced, processed and delivered, sanitizing surfaces and working environments adequately, and others. As long as we move to the last stages of the supply chain, more measures are needed since more people are involved in the process. At this moment, the possibility of COVID-19 transmission through the food sector is considered negligible, whereas tracing of SARS-CoV-2 in the food sector and surrounding environments is not considered as a priority for public authorities. However, moving to a post-lockdown routine, public health surveillance will depend more and more on the development of relevant bioanalytical tools. This approach may not only concern screening of populations but also monitoring of foods, surfaces, and surrounding environments.

[^1]: RT-qPCR stands for quantitative real-time polymerase chain reaction.
